ABSTRACT: Oxygen consumption rate (OCR) of muscle fibers from bovine semimembranosus muscle of 41 animals was investigated 3 to 4 h and 3 wk postmortem. Significant relations (P < 0.05) were found between OCR measurements and WarnerBratzler shear force measurement. Muscles with high mitochondrial OCR after 3 to 4 h and low nonmitochondrial oxygen consumption gave more tender meat. Tender (22.92 ± 2.2 N/cm 2 ) and tough (72.98 ± 7.2 N/cm 2 ) meat samples (4 samples each), separated based on their OCR measurements, were selected for proteomic studies using mitochondria isolated approximately 2.5 h postmortem. Twenty-six differently expressed proteins (P < 0.05) were identified in tender meat and 19 in tough meat. In tender meat, the more prevalent antioxidant and chaperon enzymes may reduce reactive oxygen species and prolong oxygen removal by the electron transport system (ETS). Glycolytic, Krebs cycle, and ETS enzymes were also more abundant in tender meat.
INTRODUCTION
Tenderness is an important aspect of meat quality and an important criterion in acceptance of the product (Huffman et al., 1996; Moloney et al., 2001) . Despite extensive research, tenderness variation in beef meat is still too large and presumed to be related to metabolic processes in the early postmortem period (Lee, 1986; Klont et al., 1998; Herrera-Mendez et al., 2006; Luciano et al., 2007) but still not understood.
The conversion from muscle to meat and the subsequent tenderization process are complex phenomena related to enzymatic (proteolytic) degradation of myofibrils and weakening of structural proteins (Koohmaraie, 1994 (Koohmaraie, , 1996 Takahashi, 1996) . Recent approaches to better understanding of meat tenderization are connected to apoptosis (controlled cell death; Ouali et al., 2007) . Apoptosis is of specific interest as it involves the release of proteases (caspases) to achieve cell destruction (Fuentes-Prior and Salvesen, 2004) . In addition, mitochondrial proteins are implicated in the apoptosis and caspases activation; for example, mitochondrial Bcl-2 proteins control protease release (Adams and Cory, 1998) . Phung et al. (2013) found that the condition of mitochondria through early postmortem slaughter procedures (e.g., chilling rate) clearly affects meat color. Thus, mitochondria may determine changes in the tenderization pathway in postmortem muscle. However, it is not known how large this effect may be and if it can be identified in the rather variable conditions of commercial slaughterhouse.
Protein expression and oxygen consumption rate of early postmortem mitochondria relate to meat tenderness 1 V. Grabež,* 2 M. Kathri,* V. Phung,* K. M. Moe,* E. Slinde,* M. Skaugen,* K. Saarem, † and B. Egelandsdal* The aim of this study was to 1) measure the condition of the electron transport system (ETS) early postmortem, 2) isolate mitochondria at the earliest possible time point at a commercial slaughter plant and subject their proteins to a proteomic analysis, 3) measure tenderness and identify if tenderness could be related to the early postmortem condition of the ETS, and 4) identify if such a relationship could be explained by the presence of mitochondrial proteins.
MATERIALS AND METHODS

Sampling
Forty-one bovine semimembranosus muscles (SM) were collected approximately 2 h postmortem directly from the hot boning slaughter line in a commercial abattoir (Nortura SA, Rudshøgda, Norway). Each carcass was low voltage stimulated 15 to 20 min after death at 85 V, 35 s duration, 5 ms pulse duration, and 65 ms pulse pause (Carometec A/S, Herlev, Denmark). The samples were collected during 4 wk (2 animals per day) in September and October. Twenty samples were removed from the hot boning line during the first and second week (called group 1), and 21 samples were obtained in wk 3 and 4 (called group 2). The availability of a specific cut carcass was timed to suit the progress of the laboratory activities (see below). The slaughter order of a specific animal was adjusted to the sample collection. This was done in order to get a more balanced data set (regarding weight, age, and sex). Otherwise, the collected samples represented the diversity of animals that arrived in this slaughterhouse plus their slaughter routines. Selected animals were 34 ± 23 mo (mean ± SD) old, carcass weight was 285 ± 74 kg, and 19 female and 22 male animals were used. Norwegian meat production is dominated by dual-purpose Norwegian Red cattle (75.2%) and crossbreeds with Norwegian Red cattle (14.3%). The rest are several common breeds selected for meat or milk production. This is reflected in our animal choice. To the best of our knowledge, the animal selection is representative of Norway's meat production.
Muscle pH was measured 4 h postmortem (pH 4h ) and 24 h postmortem using a portable Knick Portamess 913 pH meter (Knick, Berlin, Germany). The temperature on the surface of the proximal end of the SM at 3 to 4 h postmortem was recorded using Ebro TLC 1598 (Ebro Electronic GmbH & Co., Ingolstadt, Germany). Slices from the hot-boned SM were individually vacuum packed in polyamide bags (type PA/PE, 30-40 cm 3 /m oxygen; LogiCon Nordic A/S, Kolding, Denmark) and stored overnight at 10°C as an extra precaution to prevent cold shortening and subsequently at 4°C for 3 wk before Warner-Bratzler shear force (WBSF) measurements. For mitochondria isolation, tissue permeabilization, and oxygraph measurements, a neighboring slice to the slice for WBSF was used. The samples were taken from the middle of the proximal side of the SM.
Warner-Bratzler Shear Force Measurements
After chill storage, the vacuum-packed samples were cooked in a water bath until they reached an internal temperature of 70°C. Temperature measurements were performed by injecting a temperature logger (EB 1-2t-313; Ebro Electronic GmbH & Co.) in a dummy sample. Cooked samples were kept in an ice bath until the temperature reached approximately 20°C and stored vacuum packed at -40°C. For WBSF measurements, samples were thawed at 4°C overnight and subsequently allowed to reach room temperature. The WBSF was measured in 10 pieces. Warner-Bratzler shear force was performed on 1 by 1 by 4 cm piece of each sample cut parallel to the muscle fibers using a texture analyzer (HDP/BSK knife blade, 25 kg load cell, and 4 cm/min cross head speed; TA-HDi Texture Analyser; Stabile Micro Systems, Godalming, UK).
Preparation of Fibers for Oxygen Consumption Measurements
The muscle fibers were permeabilized 2.5 to 3.5 h postmortem prior to oxygen consumption rate (OCR) measurements. The samples of muscle were placed in a relaxing solution containing 15 mM phosphocreatine, 10 mM Ca-ethylene glycol tetraacetic acid (EGTA; 0.1 mM free calcium), 20 mM imidazole, 20 mM taurine, 6.6 mM MgCl 2 , 50 mM K-2-(N-morpholino) ethanesulfonic acid, 0.5 mM dithiothreitol (DTT), and 5.8 mM ATP adjusted to pH 7.1. Small fiber bundles were separated to an approximate length of 5.0 mm with a diameter of approximately 1.0 mm, weighed, and permeabilized with 0.052 mg/mL of saponin for 30 min (Sperl et al., 1997) . The fiber bundles were subsequently washed for 10 min at 4 o C in the respiration medium (see OCR measurements below).
Oxygen Consumption Rate
Oxygen consumption rate measurements were carried out at both 3 to 4 h postmortem (OCR 3-4 h ) and after 3 wk chilled storage (OCR 3 wk ). All chemicals were of analytical grade and purchased from Sigma Chemicals Corp. (St. Louis, MO), with the exception of pyruvate (Applichem; VWR International AS, Oslo, Norway). High-resolution respirometry was carried out with Oroboros Oxygraph-2K instruments (Oroboros Instruments, Innsbruck, Austria) as described by Gnaiger (2001) . The OCR of permeabilized tissue was measured at 20°C and approximately 200 μM O2. The closed chambers had a volume of 2.1 mL, and results were reported as (picomoles O 2 / second)/milligram protein. Injection of substrates was done with a Hamilton syringe of 10 to 50 μL.
The OCR measurements were carried out on permeabilized muscle fibers by stimulating mitochondrial enzyme complexes in a sequence. Adding chemicals is possible as the responses are additive and incremental, so that no response is masked by the previous chemical added. A similar protocol was used by Scheibye-Knudsen and Quistorff (2009) . Complex I respiration was initiated by malate and glutamate followed by testing β-oxidation using octanoylcarnitine. Beta-oxidation donates electrons to an electron-transferring flavoprotein on the mitochondrial inner membrane. Oxidative phosphorylation was stimulated by the addition of ADP. Complex II respiration was tested by succinate. Uncoupling was measured by carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) addition. At this point, rotenone addition blocked complex I and revealed the maximum capacity of complex II. Inhibition of complex II was achieved by adding malonic acid. Finally, inhibition of complex III was achieved with antimycin A. Background oxygen consumption after complete inhibition of the ETS using antimycin A (Gnaiger, 2008) was recognized as a residual oxygen-consuming side reaction (ROX). Background adjustment was done for all OCR responses. The respiration medium consisted of 0.5 mM EGTA, 3 mM MgCl 2 , 60 mM potassium methanesulfonate, 20 mM taurine, 10 mM KH 2 PO 4 (Calbiochem, Darmstadt, Germany), 20 mM HEPES, 110 mM sucrose (Alfa Aesar, Karlsruhe, Germany), and 1.0 g/L BSA (Pesta and Gnaiger, 2012) . The respiration medium had pH 7.1. For more details, see Phung et al. (2013) .
Mitochondria Isolation
Mitochondria were isolated from 10 g fresh SM (muscle center at proximal end) after fat and connective tissue had been removed. The isolation was initiated approximately 2.5 h postmortem. Briefly, the muscle was washed twice with phosphate buffer containing 5 mM K 2 HPO 4 , 2 mM KH 2 PO 4 , and 0.25 M sucrose supplemented with 10 mM EDTA at pH 6.0. Meat was incubated in 10 mM PBS, 10 mM EDTA (pH 7.0), and 0.05% trypsin on ice for 30 min. After 10 mg/mL of albumin was added, the samples were mixed and incubated for 5 min. Minced meat was homogenized in Teflon-glass Potter Elvehjem homogenizer (at 400 rpm; 10 mL). The homogenized meat was filtrated twice through medical gauze with 10 mL of extraction buffer (100 mM 3-(N-morpholino)propansulfonic acid [pH 7.5], 550 mM KCl, and 5 mM EGTA). To isolate mitochondria, filtrate and supernatant were centrifuged (CT15RE, VWR International AS, Oslo, Norway by Hitachi Koki Co. Ltd.) at 600 × g for 5 min at 4°C and 11,000 × g for 10 min at 4°C. Finally, the pellets were frozen in liquid nitrogen and stored at -80°C for protein analysis. All chemicals used for mitochondria isolation were of analytical grade and purchased from Sigma Chemicals Corp.
The method above was initially compared with the Mitochondria Isolation Kit (MITOISO1 Sigma; Sigma-Aldrich, St. Louis, Mo.). Although the time efficiency of this kit was satisfactory, the yield was too low. The presented isolation method was selected based on the principles of the tested kit and other commercial isolation kits as well as on our in-house laboratory routine (Phung et al., 2011) . The isolation procedure for mitochondria was finally selected based on yield, measured respiratory profile, and protein concentration analysis.
Two-Dimensional Electrophoresis (Isoelectric Focusing and Two-Dimensional SDS-PAGE)
Protein concentration was measured for the frozen and thawed mitochondria based on total protein yield by colorimetric RC DC protein assay (BioRad Laboratories, Inc., Hercules, CA) at 760 nm in a SHIMADZU UV-1800 Spectrophotometer with UVProbe software version 2.33 (Shimadzu Corp., Kyoto, Japan) using BSA as protein standard. No significant difference was found in the concentration of mitochondrial proteins between tender (Te) and tough (To) samples. Seventy-five micrograms (analytical gels) and 400 μg (preparative gels) of mitochondrial pellets were diluted in rehydration solution (8 M urea, 2% [wt/vol] 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 2 M thiourea, and 50 mM DTT) with immobilized pH gradient (IPG) buffer (GE Healthcare BioSciences, Little Chalfont, UK) and 0.5% bromophenol blue (BPB). Samples (final volume of 450 μL) were applied onto the isoelectric focusing cell system (BioRad Laboratories, Inc.) with IPG strips (pH 4-7; 24 cm; Bio-Rad, Sundbyberg, Sweden) for passive rehydration during 16 h under mineral oil. Protein focusing was performed at approximately 20°C under the following conditions: 30 min of linear ramp to 250 V, 1 h rapid ramp to 500 V, 1 h to 1,000 V, and from 10,000 V to 70,000 V for the last 6 h. Strips were stored at -40°C until the next step in analysis.
Reduction of IPG was performed for 15 min in equilibration buffer (6 M urea, 50 mM Tris-HCl [pH 8.8], 30% [vol/L] glycerol, 2% [wt/vol] SDS, and 1% [wt/vol] DTT) followed by 15 min alkylation in equilibration buffer with 2.5% iodoacetamide (IAA). Proteins were separated in the second dimension on 12.5% SDS-PAGE gel at 10°C at 5 mA/gel for 3 h and then 15 mA/gel until BPB reached the bottom of gel using an Ettan DALTtwelve system (GE Healthcare, Uppsala, Sweden). Preparative gels were stained according to Shevchenko et al. (1996) and analytical according to Görg et al. (2007; modification of Blum et al., 1987) .
Gel Image Analysis
Analytical gels were produced in triplicate and scanned using an Epson Perfection 4990 Photo scanner (16-bit grayscale and 400 dots per inch; Epson, Long Beach, CA). Image analysis of 24 gels (3 technical replicates × 8 biological samples) was carried out with Delta2D (DECODON, Greifswald, Germany). Gel images were automatically warped and manually refined to correctly align spots. The Te sample with the lowest WBSF value (19.9 N/cm 2 ) presented the reference gel. As a measure of relative protein abundance, spot volumes for each spot were normalized by dividing each spot's volume by the sum of volumes of all valid protein spots in a gel. Classical student t-test (available in Delta2D) was used to identify expression differences between 2 groups of samples at the 5% significance level; 4 Te samples were considered one group and 4 To samples were considered the second. The protein percentage differences, used to establish differences among proteins identified both in Te and To samples, were calculated for average mean protein value for Te vs. To.
Protein Preparation for Mass Spectrometry
Pieces of gels (approximately 1 mm) were individually washed for 15 min with 100 μL 50% acetonitrile (ACN) and 50 mM NH 4 HCO 3 at room temperature with shaking. The solution was discarded and gel pieces dehydrated in 200 μL 100% ACN for 15 min. After removing the solution, the gel pieces were dehydrated in a fume hood for 15 min. In addition, the gel pieces were incubated in the reduction solution (0.1 mM NH 4 HCO 3 and 10 mM DTT) for 30 min at 56°C. After removing all liquid, incubation with alkylation solution (0.1 mM NH 4 HCO 3 and 55 mM IAA) was continued in the dark for 30 min at room temperature and then with 100% ACN for 15 min. The solution was removed, and the gel pieces were dried in a fume hood for 15 min and afterwards transferred to ice for trypsin digestion (10% ACN, 25 mM NH 4 HCO 3 , and 10 ng/mL modified porcine trypsin; ProMega Corp., Fitchburg, WI) for 30 min. Surplus liquid was removed and a solution of 10 mM NH 4 HCO 3 and 10% ACN was added. Proteins were digested for 12 to 16 h at 37°C. Centrifuged (600 × g during 15 s at room temperature) samples (Sorvall RC 5-5C; Thermo Scientific, Asheville, NC) were mixed with 10 and 0.1% trifluoracetic acid (TFA) and sonicated for 10 min. Peptides were desalted on GELoader tips (20 μL; Eppendorf, Sigma-Aldrich, Schnelldorf, Germany) packed with C18 extraction material (3M Empore C18 extraction disk, 3M Company, St. Paul, MN; Varian, Neuss, Germany; Rappsilber et al., 2003) , eluted in 70% ACN/0.03% TFA, and dried for liquid chromatographytandem mass spectrometry (LC-MS/MS) or applied directly to a matrix-assisted laser desorption/ionization target plate (Bruker Daltonics, Bremen, Germany) with matrix solution (50% [ACN] and 0.1% TFA saturated with α-cyano-4-hydroxycinnamic acid mixed 1:1 with 100% ACN).
Protein Identification by Matrix-Assisted Laser Desorption/Ionization-Tandem Time-of-Flight and Liquid Chromatography-Tandem Mass Spectrometry
Mass spectra and tandem mass spectra were recorded using an Ultraflex MALDI-TOF/TOF (Bruker Daltonics) in reflection mode. External calibration was performed using a standard peptide mixture (Bruker Daltonics) prepared in the same matrix solution as the samples. Peak lists were generated using the FlexAnalysis software (version 2.4; Bruker Daltonics) and used in Mascot (www.matrixscience.com) searches against the NCBInr database (www.ncbi.nlm.nih.gov/Database/), taxonomy Other Mammalia. Other search parameters were 100 mg/L mass tolerance, 1 trypsin miscleavage, fixed carbamidomethylation of cysteine, and variable methionine oxidation. Protein identifications based on peptide mass fingerprinting were confirmed by MS/MS analysis on at least 2 most intense ion peaks in the MS spectra.
Proteins with low abundance were identified using LC-MS/MS. The dried peptides were dissolved in loading solution (0.05% TFA and 2% ACN in water), loaded onto a trap column (Acclaim PepMap100, C18, 5 μm, 100 nm, 300 μm i.d. by 5 mm; Thermo Fisher Scientific, SE-126 26 Hägersten, Sweden), and then flushed back onto a 50 cm × 75 μm analytical column (Acclaim PepMap RSLC C18, 2 μm, 10 nm, 75 μm i.d. × 50 cm, nanoViper; Thermo Fisher Scientific, SE-126 26 Hägersten, Sweden). The gradient profile used for peptide separation was from 4 to 40% solution B (80% CAN and 0.1% formic acid) for 45 min at a flow rate of 300 nL/min. The Q-Exactive mass spectrometer (Thermo Fisher Scientific, SE-126 26 Hägersten, Sweden) was set up as follows (Top5 method): a full scan (300−1600 m/z) at R = 70.000 was followed by (up to) 5 MS2 scans at R = 35000, using a normalized collision energy setting of 28. Singly charged precursors were excluded for MS/MS, as were precursors with z > 5. Dynamic exclusion was set to 30 seconds.
Raw files were converted to Mascot generic format (.mgf) using the msconvert module of ProteoWizard (http://proteowizard.sourceforge.net) and compared to the SwissProt database (taxonomy Other Mammalia; www.ebi.ac.uk/uniprot) on an in-house Mascot (version 2.4; www.matrixscience.com) server. The selected parameters were 1) 10 mg/L/(3.34 x 10-29 kg) tolerance for MS and MS/MS, respectively; 2) up to 2 missed cleavages; and 3) fixed cysteine carbamidomethylation and variable methionine oxidation. The interpretation of MS/MS results was based on the following criteria: 1) protein sequence coverage and 2) isoelectric point (pI) and molecular weight (Mw) of the identified protein vs. spot position in a gel.
Statistical Analysis
The study consisted of a total of 164 OCR 3-4 h and OCR 3 wk (2 times × 2 replicates × 41 animals). Minitab (version 16 from Minitab Inc., State Collage, PA) was used for t-test (P < 0.05), 1-way ANOVA, and univariate regression analysis.
The relation between OCR measurements and WBSF peak values was calculated using partial least squares (PLS) regression (Unscrambler X 10.1; CAMO, Trondheim, Norway) with full cross-validation (leave out 1 sample) on centered data. The OCR responses were used as X variables and the WBSF peak values were responses (Y) in the multivariate regression. The PLS analysis actively connects the X and Y data matrices directly. Partial least squares models are interpreted through PLS loadings that expresses the relationship between the original X matrix and PLS scores. A multiple regression will be as follows: Y = XW × C′ + F; the multiple regression coefficients, again a matrix, are B = W × C′. W is a weight matrix for predictors (X) and C′ presents a weight matrix for responses (Wold et al., 2001) . F defines the matrix of residuals. To investigate the quality of the multivariate model for WBSF measurements based on OCR response, (y i ) can be plotted and inspected. The regression coefficient (b k ) of a given X variable (here the steps in the OCR measurements) provides some information regarding their relative importance. Partial least squares regression is particularly well suited when there is multicolinearity among X (Unscrambler X 10.1; CAMO).
RESULTS AND DISCUSSION
The Relation between Oxygen Consumption Rate and Warner-Bratzler Shear Force
The samples were collected over 4 wk in a commercial slaughterhouse. Partial least squares regression with full cross-validation was performed to investigate the relation between quality variables and OCR measurements. Using all samples (1-41) provided weak models to OCR (Table 1 ). The samples from group 2 (samples 21-41) provided better models. This was predominantly due to 2 outlier samples (sample 4 and sample 19) collected during the first and second weeks.
Statistics of the WBSF measurements (N/cm 2 ) are presented in Table 2 . There were apparently less robust models between OCR and WBSF values for the group 1 (samples 1-20) collected. But these 2 sample groups were statistically similar, with the exception of the internal temperature and pH 4 h , when the samples were acquired at the hot boning line (Table 2) . Warner-Bratzler shear values had close to the same range and the same mean values for the samples collected the first 2 wk versus the latter 2 wk. A lower overall mitochondrial oxygen consumption for fresh permeabilized fibers was measured during the earlier sample collection period for group 1 (not shown). The first sample group (1-20) also had relatively less changes in OCR with time compared to the sample group 21-41 (not shown).
The difference between group 1 and 2, regarding relationship between OCR and WBSF, cannot be explained beyond possibly being caused by slower chilling ( Table  2 ). The reason might also be because of larger analytical errors in OCR, especially during the first collection week.
Response on succinate was nominally greatest for all samples in the second group (21-41; Table 3 ). After 3 wk of storage, the activity of complex II was functionally the most important (21-41; Table 3 ), in agreement with Phung et al. (2013) . Average ROX (21-41; Table 3 ) underwent no significant change with time (after 3-4 h the absolute values were between 0.6 and 2.4 (pmol O 2 /s)/mg protein) for both groups.
The nominally highest correlation (r = 0.75) was found between WBSF values and the difference in OCR 3-4 h and OCR 3 wk (group 2; Table 1 ). A comparable high value was also found when OCR3-4 h (Table 1) was regressed to WBSF. This supports the interpretation that it was the early postmortem measurements that were the most important for the relation between OCR measurements and WBSF values. Figure 1 shows a clear differentiation in samples within the second animal group using the relation between their OCR profile and WBSF values with the greatest correlations. The poorer models (Table 1) showed little influence of ADP addition (Fig. 2) , but to encompass all samples optimally, response to ADP addition had to be included. Furthermore, only Te samples were found with high response to ADP addition whereas low response to ADP addition was associated to a wide variation in tenderness.
The regression coefficients in PLS regression increase with the number of factors (see from 3 to 6 principal components; Fig. 2 ). This is typical of a method such as PLS, which attempts first to reduce the magnitudes of the regression coefficients. But as the number of PLS factors increases, the magnitudes of the regression coefficient will typically increase and they will become more comparable to those obtained in ordinary regression (De Jong, 1995; Goutis, 1996; Krämer, 2007) .
The substrates shown in Fig. 2 were additives (except ROX) used in OCR measurements. The data set gave significant univariate relationships (animals 1-41, 2 outlier samples removed, and no validation) to ADP, glutamate, and octanoylcarnitine addition (P = 0.029, P = 0.024, and P = 0.044, respectively). In order to reach better correlation between WBSF values and OCR variables (Table 1) , the additional protocol additives given in Fig. 2 (e.g., succinate, FCCP) needed to be included in a multivariate regression model. Complete separation of the tougher samples from the more tender samples required an adjustment towards relatively more weighting of the response to ADP addition (Fig. 2) .
High WBSF peak values were inversely correlated to the response of succinate and FCCP addition and positively correlated to ROX (Fig. 2) . Residual oxygen-consuming side reactions may possibly have an effect on oxidation of mitochondrial enzymes. However, because the variation in ROX was small, its relatively high β coefficient may not add much explanation. The OCR data explained up to 56% (from r 2 ; Table 1 ) of the variance in WBSF peak values. Furthermore, following full cross-validation, this high value for explained variance was not always achieved (Table 1) . A more robust estimate is that OCR data can explain approximately 20% (from r 2 ) of the variation in WBSF values when samples were collected in a slaughterhouse operating under commercial conditions.
Only the sample group (21-41) with the higher initial mitochondrial enzyme activities and the better correlation to WBSF values was considered of interest for proteomic analysis on early postmortem isolated mitochondria (see below).
Proteomic Results for Tender vs. Tough Meat Samples
A subgroup of 8 animals (obtained from the second animal group, 21-41) was picked randomly for proteomic analysis, 4 with low (Te) and 4 with high (To) WBSF values. Tender samples belonged to 14-to 39-mo-old animals, carcass weight was 278 ± 46 kg (mean ± SD), and all belonged to Norwegian Red cattle. Tough samples were obtained from animals 14 to 45 mo old, with 189 ± 39 kg carcass weight, and 3 were Norwegian Red cattle and 1 was a Hereford. Selected samples belonged to 2 different groups that maximized differences in oxygen consumption properties and their relationship with WBSF (Fig. 1) . However, no other variable was given any attention. Further analysis (t-test) revealed no difference between the 2 breeds (Norwegian Red cattle and Hereford) in the To group and breed differences were not discussed further.
Mitochondrial proteins isolated from Te and To samples were separated on 2-dimensional gels. Differences between spot intensities of Te and To sample groups were tested by Student t-test (P < 0.05) and 476 spots were identified. One Te sample had protein spots closer, as revealed from the statistical test, to a To sample than to the other 3 Te samples. At the The number of principal components obtained from partial least squares regression with full cross-validation is in parentheses.
2 OCR 3-4 h = OCR measurement at 3 to 4 h postmortem.
3 OCR 3 wk = OCR measurement after 3 wk chilled storage.
4 Two samples were removed, no. 4 and no. 19, due to a very high residual variance of OCR values. *P < 0.05; **P < 0.01; ***P < 0.001. 1 ± standard deviation of the mean.
2 T 3-4 h = temperature on the surface of the proximal end of the semimembranosus muscle at 3 to 4 h postmortem.
3 pH 4 h = muscle pH at 4 h postmortem.
4 pH 24 h = muscle pH at 24 h postmortem.
5 WBSF = Warner-Bratzler shear force.
***P < 0.001 for values in different rows.
significance level (P < 0.05), the number of differently expressed proteins in the groups (Fig. 1) was reduced to 45. Identified proteins and peptide fragments ( Fig.  3a and 3b) were classified according to cell function (Table 4 ). Theoretical Mw of the proteins were from 10 to 200 kDa with pI range between 4 and 9. Variation in experimental Mw and/or pI compared to theoretical values may occur due to posttransitional modification and protein degradation (proteolysis), indicating presence of fragments or isoforms of the parent protein.
Out of the 45 differently expressed protein spots, 12 were identified as structural proteins and were present in both groups of samples. The cytoskeletal proteins in To samples (actin alpha skeletal muscle) showed greater Mw than those in Te meat counterparts (apparent Mw were 50 and 44 kDa, respectively; Tables 4 and 5) as previously reported by Laville et al. (2009) .
Effect of Mitochondria Isolation
A critical point in the methodology of mitochondria isolation is cocentrifugation of cytoskeletal proteins. These proteins have close connections with mitochondria in skeletal muscle architecture, and detection of these tissue-specific proteins in mitochondria pellets is acceptable (Taylor et al., 2003; Forner et al., 2006; Egan et al., 2011) . In general, mitochondria are difficult organelles to isolate from the muscle system (O'Connell and Ohlendieck, 2009 ) and the presence of 44% mitochondrial proteins out of the 45 identified proteins as significantly different among Te and To samples (Table 4) was considered acceptable for a slaughter-line isolation method. Identified cytoskeletal proteins/fragments were either attached to mitochondria after treatment, precipitated with mitochondrial proteins upon trypsin exposure, or sedimented as myofibrillar fragments.
Early Postmortem Effects of Electron Transport System
High response to succinate addition gave more Te samples (Fig. 2) , suggesting prevention of proteases oxidation by mitochondrial respiration. The ETS activity is regarded as beneficial (in vivo), although it loses reactive oxygen species (ROS) when oxygen is reduced to water that have signaling role triggering Table 3 . Initial OCR measurements at 3 to 4 h postmortem (OCR 3-4 h ; (pmol O 2 /s)/mg protein) and changes in permeabilized fibers from 3 to 4 h to 3 wk (fresh stored) for samples 2 OctanoylC = octanoylcarnitine.
3 FCCP = carbonyl cyanide-p-trifluoromethoxyphenylhydrazone.
4 ROX = residual oxygen-consuming side reactions.
5 OCR 3 wk = OCR measurement after 3 wk chilled storage Figure 1 . The figure shows the relation between measured and predicted Warner-Bratzler shear force (WBSF) peak values; the latter were obtained from the fully cross-validated partial least squares regression model between WBSF peak values (response) and the changes in oxygen consumption rate from 3 to 4 h to 3 wk as induced by protocol additives for the second group of animals (21-41). the apoptotic mechanism. We proposed that in vitroactivated antioxidants prevented ROS accumulation by prolonging ETS activity and protecting mitochondrial function. Positive correlation was found for octanoylcarnitine addition (Fig. 2) and more abundant Krebs enzymes (Table 4) in Te samples.
In To samples, mitochondrial respiration may also cease to remove O 2 earlier (lose electrochemical gradient across inner mitochondrial membrane), inducing a high concentration of O 2 in mitochondria and giving protein and lipid oxidation with fast inactivation of proteolytic enzymes.
Identified ETS proteins were more abundant in Te samples (Tables 4 and 5 ), suggesting that ETS was, relatively speaking, upregulated (as in well-fed animals) early postmortem. In addition, a reduced activity of complex I enzyme (NADH dehydrogenase) in To samples postmortem may be connected with impaired electron transfer, causing accumulation of reducing equivalents and promotion of ROS production (Turrens et al., 1991; Zeng et al., 2013) . Bc1 complex is thermosensitive (Brasseur et al., 1997) ; therefore, structural modifications of this enzyme in To meat (Table 4 ; greater exp(Mw/pI) compared to parent protein) possibly decreased complex III activity. The neighboring complex IV also exhibited an activity deficiency, favoring the idea of its downregulation (not so well-fed animals) in To meat (see Table 5 ).
Based on the presented results, a lack of oxygen supply stimulated ATP production through the glycolytic pathway and donation of electrons through β-oxidation, providing energetic efficiency of the muscle system. The extended mitochondrial respiration positively affected activity of proteolytic enzymes and the tenderization processes.
Maintaining the ATP Production Postmortem
Activity of metabolic enzymes early postmortem presumptively had a significant effect on a final meat quality. In agreement with Jia et al. (2006) , proteins identified in Te meat (Table 4) indicate prolonged ATP production after animal slaughtering. The glycolytic enzyme triosephosphate isomerase subunits and Krebs cycle enzymes (2 fragments of pyruvate dehydrogenase E1), presumably upregulated to fuel energy to the cell, were identified in Te meat. Isocitrate dehydrogenase [NAD] subunit alpha was identified both in Te and To meat but was more abundant in Te samples (see Table 5 ).
Four subunits of F o F 1 -adenosine triphosphatase structure identified in To samples were the full-length proteins that most probably hydrolyze available ATP early postmortem. Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex, as key enzyme in redox regulation in Krebs cycle (Bunik et al., 2009) , showed large shifts in Mw and pI in To meat. The fact that the To samples were from nominally smaller animals with both limited and substantial OCR response upon ADP addition may suggest also the presence of additional mechanisms in ATP reduction early postmortem (e.g., muscle cell and connective tissue differences, stress).
The Apoptosis/Necrosis Switch
There are 2 pathways of cell death: apoptosis, a strictly regulated cell death, and/or necrosis, an acute Table 4 . Differently expressed (P < 0.05) proteins between tender and tough bovine semimembranosus muscle identified by matrix-assisted laser desorption/ionization/time-of-flight mass spectrometry or liquid chromatography/mass spectrometry after separation by 2-dimensional gel electrophoresis (see Fig. 3a and 3b Table 4 . Continued metabolic cell disruption. Switching between these 2 processes is strongly dependent on the capability of mitochondria to recover ATP at anaerobic conditions (Kroemer et al., 1998; Lemasters et al., 2002; Kim et al., 2003; Tatsuta and Langer, 2008) , leading to hypotesis of a prolonged apoptotic phase in Te meat. Antioxidants, as a part of the stress regulatory mechanism, play important role in tenderness-related phenomena. Thioredoxin and thioredoxin-dependent peroxide reductase (Prx III), mitochondrial precursor were identified in Te meat samples. Oxidative stress and electron-transfer steps most probably caused the structural changes in local conformation of the active site and surface area changing protein's mobility. Thioredoxin/Prx III is a very efficient system when it comes to regulation of ROS production in mitochondrial respiration (Tanaka et al., 2002; Jia et al., 2006 Jia et al., , 2007 . In addition, ROS formed by complex I and III on the matrix side of mitochondria (Turrens et al., 1991; Oh-ishi et al., 1997; Egan et al., 2011) are removed by superoxide dismutase [Mn] . Thus, identified mitochondrial aldehyde dehydrogenase protects cells from the oxidative stress through the oxidation of toxic aldehyde derivates (Ohta et al., 2004 (Guillemin et al., 2011) may be related to reparation or degradation of misfolded proteins and preventing protein aggregation ensuring proteolysis (Wagner et al., 1994) .
On the other hand, superoxide dismutase (Cu-Zn) was identified in To meat. Antioxidant function of Cu/ Zn superoxide dismutase is related to conversion of reactive O 2 species (O 2 -and H 2 O 2 ) into water and molecular oxygen (Scandalios, 1993) . In agreement with previous studies (Dimmeler et al., 1999; Guillemin et al., 2011) , we suggest that stronger oxidative stress caused ROS accumulation in To meat and reduced cell protection by Cu/Zn superoxide dismutase, because of enzyme's underexpression or overexpression with changes in Mw (18 vs. 15 kDa).
The cell function of Prx III, mitochondrial precursor X1, has not been reported, and in To samples, this precursor showed greater Mw (31 vs. 26 kDa) than the parent protein, suggesting the enzyme's modification.
During the early postmortem period, acute metabolic cell disruption and protein modification most probably activated different repairing pathways. Protein l-isoaspartate-(d-aspartate) O-methyltransferase in To samples played a role in reparation of damaged proteins and prevention of protein accumulation (DeVry and Clarke, 1999) . Furthermore, tripartite motif-containing protein 72 identified in To samples, as mediator of signaling pathways (Kawai and Akira, 2011) , was probably involved in removal of cell protein fragments accumulated under progressive apoptotic processes.
Conclusions
This study identified the level of protein modifications implicated in mechanical properties of beef meat based on OCR measurements. High mitochondrial respiration suggested lower meat shear force and can explain at least 15 to 20% of the variation in tenderness at slaughter conditions. Proteomic analysis on mitochondria from 2 groups (Te and To), based on measured and predicted WBSF, showed more abundant ETS protein in the Te group. In addition, glycolytic, β-oxidation, and Krebs cycle enzymes were significantly different in Te compared to To samples, supporting a relationship between greater OCR and lower WBSF in Te samples. We hypothesized that mitochondrial oxygen removal early postmortem may preserve proteases, reducing their oxidation, and thereby increase tenderness. High response to ADP addition early postmortem suggested more Te meat, which was, however, not the case vice versa. Antioxidant enzymes and chaperon identified in Te beef may explain ROS reduction, prolonged ETS activity, and apoptotic promotion. 
